Single particle reconstruction of SBV virion and expanded empty particles. Regions of the images containing the SBV particles were picked from the micrographs using the program e2boxer.py from the EMAN2(11) package and extracted from micrographs using the program RELION(12) (546 x 546 pixels boxsize). Contrast transfer function (CTF) parameters of each micrograph were automatically estimated using the program CTFFIND4 (13) . The images were processed using the package RELION (12) . The structure of the IAPV virion (EMD-4114) determined by cryo-EM was used to initiate the reconstruction (14) . The initial model was low-pass filtered to a resolution of 60 Å. The dataset was subjected to multiple rounds of 2D and 3D classifications, resulting in near-homogeneous sets of full and empty SBV particles. In the dataset of SBV particles exposed to low pH, two expansion intermediates of the empty particles were identified. Refinement according to "gold-standard" was performed using the RELION 3dautorefine procedure, with the starting model from the previous 3D classification reconstruction low-pass filtered to a resolution of 60 Å. The reconstructions were followed by another round of 3D classification, where the alignment step was omitted and the estimated orientations and particle center positions from the previous refinement step were used. The final reconstruction was performed using the RELION 3dautorefine. The resulting unfiltered electron density maps were masked by threshold masks, created using the RELION mask_create routine. To avoid over-masking, the masked maps were visually inspected to exclude the possibility of the clipping of electron densities belonging to the virus capsid. Additionally, the occurrence of over-masking was monitored by inspecting the shape of FSC curve. Furthermore, the shapes of the FSC curves of phase-randomized half-datasets with the applied mask were checked. The resulting resolutions of the reconstructions were estimated as the values at which the FSC curves fell below 0.143 (15) .
Cryo-EM structure determination and refinement. Model of SBV obtained from crystal structure (pdb:5LSF) was rigid body fitted into the B-factor-sharpened cryo-EM maps of SBV using Chimera (16) and subjected to manual rebuilding using the program Coot. Cryo-EM maps were re-oriented so that a subset of three perpendicular twofold icosahedral symmetry axes of the capsid was aligned with the Cartesian coordinate axes. The maps were cropped, normalized, and set to crystallographic P23 symmetry. This treatment of the maps resulted in five icosahedral asymmetric units in one "crystallographic" asymmetric unit of the P23 space group and enabled e cient refinement of the structures in reciprocal space. Reciprocal space refinement in program REFMAC5 was used utilizing the electron scattering structure factors library (atomsf_electron.lib) (17) . Weight matrix value was optimized to achieve good agreements with experimental maps while preserving acceptable molecular geometries. For refinement of "Empty particle pH 5.8 expansion state II" the temperature factors of all atoms were set to a fixed value of 200 Å 2 because at this resolution the temperature factor refinement did not converge to meaningful values. Resulting models for full virions and empty particles were deposited to PDB database under separate codes (Table S1 ). Analyses of pentamer movements, specifically calculations of center of mass, were performed with Moleman2 from USF software package (18) .
Cloning, expression and purification of His6-SUMO-MiCP fusion protein. The nucleotide sequence of the SBV MiCP (residues 711-755 of the polyprotein) was cloned into the expression plasmid pET22T under the control of the T7 promoter. The vector provided the N-terminal His6-SUMO tag (Smt3 from S. Cerevisiae; 12 kDa). LB media supplemented with ampicillin (100 µg/ml) was inoculated with E. coli BL21(DE3) containing the above-mentioned plasmid. The culture was cultivated at 37°C until an optical density at 600 nm reached value of 0.4-0.6. Protein expression was induced by addition of isopropyl --D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM, and the culture was cultivated at 37°C for 5 h with 250 RPM orbital shaking. Cells from 500 ml of media were collected by centrifugation and re-suspended in 3 ml of BugBuster ® reagent (Merck) supplemented with 1 mg/ml lysozyme, 5 µg/ml DNAse I, 10 µg/ml RNAse, and 100 µg/ml Protease inhibitor cocktail (Sigma-Aldrich). The resulting mixture was incubated for 60 min at room temperature. The lysate was clarified by centrifugation at 20,000 g at 4°C for 20 min. The resulting supernatant was supplemented with imidazole to a final concentration of 20 mM, loaded on a HisTrap ™ HP column (GE Healthcare), and the protein of interest was eluted with a gradient of imidazole (20-500 mM) in PBS. All elution fractions were analyzed using SDS-PAGE and those containing the highest amounts of His6-SUMO-MiCP protein were concentrated using a centrifugal concentrator (MW cuto 10,000 Da). The concentrated material was digested with Ulp1 protease in a reaction mixture containing 30 mM DTT and 1 mM PMSF for 16 h at room temperature. The resulting mixture was purified using a HisTrap ™ HP column. All fractions were analyzed on 10-20% SDS gradient gel (Novagene) and the flow-through fractions containing MiCP were concentrated in a centrifugal concentrator (MW cut-o 5,000 Da). The identity of the protein was verified by mass spectrometry analysis of a liquid sample with a final concentration of 4.0 mg/ml (determined by A280). Purified MiCP was used for the fluorescence assay described below.
Fluorescence assay of liposome integrity. Liposomes were prepared as described previously (19) , briefly: 1 ml of phospholipid mixture (Avanti lipids) corresponding to the composition of the late endosome membrane(20) (45% phosphatidyl choline, 18% phosphatidyl ethanolamine, 14% bis(monoacylglycerol)phosphate, 9% phosphatidyl inositol, 9% cholesterol, 5% phosphatidyl serine) was diluted in 5 ml of chloroform. The mixture was pipetted into a 1 L evaporation flask connected to a vacuum rotary evaporator (Heidolph), and the solvent was evaporated at 50 RPM, at 37°C for 1 h, at a pressure of 200 mbar. The resulting lipid film was re-hydrated in 5 ml of reconstitution bu er (50 µM carboxyfluorescein, 10 mM HEPES pH 7.0) by rotating on an evaporator for 60 min, at room temperature and atmospheric pressure. Reconstituted opalescent solution was sonicated (Sonica, SOLTEC) in an ice bath for 10 min and subsequently extruded through 400 nm filters in 500 µl batches using an Avestin extruder (Avestin). Extruded liposomes were pelleted at 20,000 g at 4°C for 15 min and used for subsequent experiments.
The increase in the fluorescence signal upon release of carboxyfluorescein from liposomes was measured using a FluostarOMEGA plate reader (BMG labtech) at an excitation wavelength of 485 nm and emission wavelength of 520 nm. Two reaction conditions were tested: native pH in HEPES bu er (155 mM NaCl, 10 mM Hepes, pH 7.4), and low pH in MES bu er (155 mM NaCl, 10 mM MES, pH 5.5). For the 100 µl reaction, 10 µl of liposome solution was diluted with the respective reaction bu er and pipetted into black-walled 96-well plates for fluorescence measurements. After 50 s incubation, 10 µl of solution containing either MiCP at the final concentration 2 µM or SBV virions at the final concentration 2 nM (which corresponds to 120 nM concentration of MiCP) were injected using the automatic injector system of the FluostarOMEGA plate reader. After another 100 s of incubation, 10 µl of Triton X-100 at the final concentration of 1% were injected. Changes in the fluorescence signal in response to the addition of MiCP, SBV or Triton X-100 were recorded as fluorescence values in arbitrary units. The negative control of the pH e ect was performed by addition of the reaction bu er instead of MiCP or SBV. For comparison and plotting, the values were normalized using the equation: Xnorm = (X-Xmin)/(Xmax-Xmin). The plotted values are an average of three repetitions.
Mass spectrometry analyses. The virus protein fraction resulting from the TRI Reagent ® separation procedure was re-suspended in Laemli bu er and subjected to SDS-PAGE on a tricine gradient gel. The protein bands corresponding to capsid proteins of SBV were excised from the gel and used for mass spectrometry analysis. In parallel, material from whole SBV virions treated with SDS loading bu er was analyzed. After destaining and washing, the proteins were incubated with trypsin (sequencing grade; Promega). MALDI-MS and MS/MS analyses were performed on an Ultraflextreme mass spectrometer (Bruker Daltonics, Bremen, Germany). Alternative digestions were performed with chymotrypsin and pepsin. The software FlexAnalysis 3.4 and MS BioTools 3.2 (Bruker Daltonics) were used for data processing. Exported MS/MS spectra were searched using in-house Mascot software (Matrixscience, London, UK; version 2.4.1) against the NCBI database (no taxonomy restriction) and a local database supplied with the expected sequence. The mass tolerances of peptides and MS/MS fragments for MS/MS ion searches were 50 ppm and 0.5 Da, respectively. Oxidation of methionine and propionylamidation of cysteine as optional modifications and one enzyme mis-cleavage were set for all searches. Peptides with a statistically significant peptide score (p < 0.05) were considered.
Sequencing of SBV P1 region. Total virus RNA was isolated from purified virions(21), subjected to reverse transcription and the resulting cDNA was sequenced using specific primers designed to cover the P1 region of the SBV polyprotein. The resulting sequences were assembled using the software Geneious version R10 (22) .
Phylogenetic analyses. Multiple sequence alignment was performed using MAFFT, specifically the E-INS-i strategy (23) and trimmed using the program Trimal (24) . Maximum likelihood phylogenetic tree was constructed with the program W-IQ-Tree (25) . The rendering was carried out using Geneious R10 software (22) . Structure-based pairwise alignments of the VP3 subunits of various viruses were prepared using the program VMD (26) . The similarity score provided by VMD was used as an evolutionary distance to construct a nexus-format matrix file, which was converted into the phylogenetic tree and visualized with the program FigTree v1.4.3.
Data deposition
Cryo-EM maps of the SBV virions from the di erent conditions were deposited in electron microscopy data (EMDB) bank under the following accession numbers: 3863 (native virion pH 7.4), 3881 (empty particle pH 7.4), 3865 (virion pH 5.8), 3866 (empty particle pH 5.8, expansion state I), and 3867 (empty particle pH 5.8, expansion state II); and the corresponding coordinates were deposited in protein data bank (PDB) under the following accession numbers: 5OYP (native virion pH 7.4), 6EIW (empty particle pH 7.4), 6EGV (virion pH 5.8), 6EGX (empty particle pH 5.8, expansion state I), and 6EH1 (empty particle pH 5.8, expansion state II). The crystal structure of the SBV virion was deposited under PDB accession number 5LSF. The consensus nucleotide sequence of the SBV capsid proteins was deposited in GenBank under accession number KY617033. hj |. + All reflections were used in the refinement. The R free , if it were calculated, would be very similar to R work because of the 30-fold non-crystallographic symmetry present in the crystal. Therefore, R free would not provide an unbiased measure of model quality in this case (27) . § statistics are given for one icosahedral asymmetric unit. * values according to Molprobity (28) .
Please note that right side of the table contains values for cryo-EM data: accelerating voltage -300 kV; initial model -IAPV (EMD-4114). Root-mean-square deviations (RMSD, Å) of superimposed C-atoms of protomers of respective SBV structures. The number in parenthesis indicates the percentage of available amino acid residues used for the calculations. The icosahedral asymmetric units consisting of subunits VP1, VP2 and VP3 were used as rigid bodies in the calculations. The cuto for the inclusion of residues for the RMSD calculation was 3.8 Å.
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